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Abstract: The genus Dendrobium possesses horticultural importance. Dendrobium sonia-28 is an important ornamental orchid in the
flower industry. Cryopreservation is a favoured long-term storage method for orchids with propagation problems. Protocorm-like bodies
(PLBs) of Dendrobium sonia-28 were cryopreserved using the vitrification technique. Histology and scanning electron microscopy
(SEM) observations were conducted on stock, non-cryopreserved (control), and cryopreserved PLBs of Dendrobium sonia-28 to
detect cryoinjuries resulting from the vitrification protocol. Histological observations of control PLBs indicated that the preculture,
osmoprotection, and dehydration steps were not physically damaging to the PLBs. Histological and SEM analyses of cryopreserved
PLBs indicated that the freezing and thawing cycles inflicted damages on the parenchymatic regions of the PLBs. Only embryogenic
cells survived the treatment. Scanning electron microscopy studies of the control and cryopreserved PLBs indicated that both osmotic
and freezing injuries occurred only in the interior regions of the PLBs.
Key words: Cryopreservation, Dendrobium sonia-28, histology, protocorm-like bodies, scanning electron microscopy, vitrification

1. Introduction
The Orchidaceae, a large flowering family, are
economically important as cut flowers and potted plants
in the international floriculture industry (1–3). The genus
Dendrobium, established by Olaf Swartz in 1799, consists
of the largest diversity of interesting specimens in terms
of horticultural importance and is made up of more than
1100 species distributed throughout the world, ranging
from south-east Asia to New Guinea and Australia, making
it the second-largest orchid genus in the orchid family
after Bulbophyllum (4). The orchid genus Dendrobium is
increasingly popular due to its floriferous flower sprays;
wide spectrum of colours, sizes, and shapes; year-round
availability; and long flowering life (2,3). Dendrobium
sonia-28, a hybrid resulting from a cross between 2 different
hybrids, Dendrobium Caesar and Dendrobium Tomie Drake,
is prized for its pink-coloured and good cut flowers (5).
Various orchid explants subjected to in vitro
micropropagation have produced bodies that appeared
similar to seedling protocorms in terms of their structure
and growth (6). Termed ‘protocorm-like bodies’ (PLBs),
these somatic protocorms are versatile orchid organs that
can be induced from various orchid explants, for instance
* Correspondence: sreeramanan@gmail.com

from axillary buds, flower stalks, cell suspension, and
callus cultures in the case of Doritaenopsis (7,8). Great
importance is currently placed on preserving cultured cells
and somatic embryos that express unique characteristics
due to the increasing interest in plant genetic engineering
(9).
Ice-free cryopreservation is one of the main approaches
in preserving plant germplasm (10). Cryopreservation,
requiring little space and maintenance, is touted as
an important tool for the long-term storage of plant
genetic resources, especially for future generations (9).
Many simplified methods of cryopreservation have been
developed for the long-term storage of embryogenic callus
clumps, allowing direct immersion in liquid nitrogen
(LN). For instance, vitrification-based and encapsulation–
dehydration procedures have been developed for
embryogenic cultures of important crop and plant species
such as Citrus sp. (11,12), Olea europaea (11,13), Fraxinus
sp. (11,14), Quercus sp. (11,15), and Oryza sativa (11,16).
Vitrification can be defined as the solidification of a liquid
brought about not only by crystallisation but also by an
extreme elevation in viscosity during cooling (17,18). A
solution turns into an amorphous glassy solid, or glass, as a
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result of vitrification. Vitrification can be achieved in plant
cells through the reduction in intra- and extracellular
freezable water, and this occurs when plant tissues are
exposed to highly concentrated cryoprotective mixtures
or to physical dehydration prior to rapid cooling by direct
immersion in liquid nitrogen. Vitrification techniques can
be applied to complex structures such as embryos and
shoot apices (18,19).
Cryopreservation may cause physical, physiological, or
chemical damage and stress to plant tissues, which may
potentially contribute to changes in the genomic contents
of the explants (20,21). It is important to control or avoid
intracellular ice nucleation, also known as seeding, in
any cryopreservation protocol. Ice nucleation can cause
mechanical injuries and physical ruptures as a result of the
damage to the structural, osmotic, and colligative integrity
of cells, while colligative damage results from the increase
in solute concentrations that disrupt cellular function (22).
Vitrification requires the organism to tolerate high osmotic
stress and desiccation injury (20,23). Osmotic injuries may
occur during a cryopreservation procedure from the use
of highly concentrated additives, which cause toxicity,
while evaporative dehydration could result in desiccation
sensitivity. Cellular injuries may also occur on thawing as a
result of devitrification and ice formation. The application
of various cryoprotective strategies for cryobanking
therefore depends on the resistance of the target organism
or cell type to cryoinjuries, and the potentially deleterious
effects of cryoprotection (20,23).
The success in the optimisation of the vitrification
procedure for PLBs of Dendrobium sonia-28 could be
impeded by various factors. Physical injuries caused by ice
crystals and osmotic substances could slow down or halt
recovery of cryopreserved PLBs. Histology and scanning
electron microscopy (SEM) observations are important
tools in assessing the extent of cellular damages caused
by cryopreservation. The objective of this study was to
observe the effects and extent of damages incurred by
PLBs of Dendrobium sonia-28 from a basic vitrification
treatment, through histology and SEM.
2. Materials and methods
2.1. Propagation of plant materials
Protocorm-like body cultures of Dendrobium sonia-28
were initiated by aseptically culturing seeds of the hybrid
in half-strength semisolid Murashige and Skoog (MS)
(24) medium supplemented with 2% sucrose, 2.75 g L–1
GelriteTM (Duchefa, the Netherlands) and 1 mg mL–1
6-benzylaminopurine (BAP; Duchefa). The resulting
cultures were chopped into clumps of 2 to 3 PLBs and
subcultured every 4 weeks. The cultures were incubated
at 25 ± 2 °C under a 16-h photoperiod using cool white
fluorescent lamps (Philips TLD, 36 W, 150 µmol m–2 s–1).
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2.2. Preparation of experimental media
All vitrification treatments employed in this study were
adapted and modified from the basic vitrification protocol described by Sakai et al. (9). All media used contained
half-strength MS medium components. The semisolid
preculture medium was supplemented with 2.75 g L–1 GelriteTM and 0.4 M sucrose (Duchefa) and poured into sterile
plastic petri dishes (Brandon, 9 cm). The loading solution
contained 0.4 M sucrose and 2.0 M glycerol. The plant vitrification solution 2 (PVS2) consisted of 30% (w/v) glycerol, 15% (w/v) ethylene glycol, 15% (w/v) dimethyl sulfoxide, and 0.4 M sucrose (9), and the unloading solution
contained 1.2 M sucrose. The recovery medium consisted
of semisolid pour plates (Brandon, 9 cm) of half-strength
MS components, supplemented with 2% sucrose and 2.75
g L–1 GelriteTM. The pH values (CyberScan PC 510 pH/mV/
Conductivity/TDS/°C/°F Bench Meter, Eutech Instruments, Singapore) of all media were adjusted to 5.8 prior
to autoclaving (Sturdy SA-300VFA-F-A505, Sturdy Industrial Co. Ltd., Taiwan).
2.3. Histological slide preparation and observations
Tissues that were selected for histology were obtained
from PLBs that were subjected to the vitrification protocol.
In this treatment, friable PLBs of Dendrobium sonia-28 of
3–4 mm were selected from 4-week-old cultures using a
2 × 2 mm gridlock graph paper and precultured in 0.4 M
sucrose for 48 h. The pretreated PLBs were then placed in
2-mL sterile cryovials and immersed in 1.5 mL of loading
solution for 20 min at room temperature, with an exchange
of fresh solution at 10-min intervals. The loading solution
was aliquoted out of the cryovials, and the PLBs were then
immersed in 1.5 mL of PVS2 at 0 °C for 50 min, with an
exchange of fresh solution at half-time intervals. These
were followed by direct plunging and storage in liquid
nitrogen (–196 °C) for 24 h.
Frozen PLBs were thawed in a 40 ± 2 °C water bath
for 90 s. Storage in LN and thawing were omitted for the
negative controls. The PVS2 solution was immediately
removed from the cryovials. Both cryopreserved and
noncryopreserved PLBs were then immersed in 1.5 mL
of unloading solution for 20 min at room temperature,
with an exchange of fresh solution at 10-min intervals. The
PLBs were placed on a piece of filter paper (Whatman No.
1, 5 cm) affixed on half-strength MS semisolid recovery
medium and left to incubate in the dark for 1 day, after
which the PLBs were transferred onto fresh recovery
medium excluding the filter paper. Recovery of both
cryopreserved and noncryopreserved PLBs was conducted
for 1 week in complete darkness at 25 °C.
The histological procedure applied in this treatment
was modified from that applied by Vyas et al. (25). The
nontreated (control), treated (noncryopreserved), and
cryopreserved PLBs were immediately transferred from
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the propagation or growth recovery media into blackcapped culture vials (21 × 85 mm) and were fixed in
4% aqueous formaldehyde (pH 7.0, adjusted with 0.1 N
sodium hydroxide) at 4 °C for 24 h. Enough fixative was
added to ensure that the PLBs were completely immersed
in the solution. After 24 h, the formaldehyde solution was
removed, and the tissues were then fixed in 70% ethanol
for 4 h at room temperature, with fresh exchange of the
solution at 1-h intervals. The ethanol solution was removed,
and the PLBs were subjected to the set dehydration periods
(Table 1) in a tertiary-butyl alcohol (TBA) series, diluted
to the desired concentration using 95% ethanol.
The dehydrated tissues were then cleared using xylene
for 15 min in a fume hood at room temperature, followed by
an initial infiltration process using a combination of xylene
and Shandon Histoplast Pelletised Paraffin Wax (Thermo
Scientific) for 7 h at 56–57 °C in an oven (Memmert,
Germany). The PLBs were progressively infiltrated with a
combination of xylene and Shandon Histoplast Pelletised
Paraffin Wax for 40 h at 60 °C in an oven, with the latter
increasing in concentration, up to the final 8 h, during
which Shandon Histoplast Pelletised Paraffin Wax was used
exclusively as the infiltration and embedding agent. After
that, the PLBs were externally embedded and blocked in
embedding moulds using liquefied Shandon Histoplast
Pelletised Paraffin Wax at an embedding station (Leica
EG1160, Leica Microsystems, Nussloch GmbH, Germany).
The blocks were then labelled and sectioned at 10 µm using
a manual rotary microtome (Leica RM2135). The thinly
sliced ribbons were then mounted in a mounting bath
(Electrothermal Paraffin Section Mounting Bath) on glass
slides, which were then placed on a slide warmer (Leica HI
1220) for about 1 min. The mounted slides were then dried
overnight in an oven (Memmert) set at 40 °C.
Slides that had been dried overnight were stained in
glass-lidded vertical staining jars at room temperature.
The slides were dewaxed for a total of 10 min using 2
changes of Histo-Clear (National Diagnostics, USA).
The slides were rehydrated in a series of reducing ethanol
Table 1. The TBA concentration series used in the dehydration of
PLB samples for histology.
TBA series
TBA 50%
TBA 70%
TBA 85%
TBA 98%
TBA 100%
Absolute TBA
Absolute TBA (change of solution)

Duration (h)
18
8
16
24
24
24
24

concentrations (100%, 90%, 70%, and 50%) for 2 min each.
The slides were then stained in a mixture of safranin and
50% ethanol for 10 min. The slides were rinsed in 70% and
80% ethanol for a total of 2 min and then immersed in a
mixture of fast green and 95% ethanol for another 2 min.
The slides were dehydrated twice in 95% ethanol for 1 min
per solution change, followed by a rinse in 100% ethanol
for 2 min. The slides were finally cleared using 2 changes
of Histo-Clear for a total of 6 min, followed by cover slip
mounting using Shandon Histomount xylene substitute
Mountant (Thermo Scientific) and labelling.
The observations, imaging, and photography of the
slides were conducted using a light microscope (Olympus
BX50, Olympus Optical Co. Ltd., Japan) fitted with a
JVC K-F55B colour video camera (JVC Victor Company
of Japan, Limited, Japan) and analysed with the Docu
Version 3.1 image analysis system (Soft Imaging System,
GmbH, Munster, Germany).
2.4. SEM sample preparations and observations
Samples selected for the SEM studies were obtained from
PLBs that were subjected to the vitrification protocol.
Untreated control PLBs were obtained from 4-week-old
stock PLB cultures. Variable pressure SEM (VP SEM),
also known as environmental SEM, was carried out on the
samples. The fresh samples were immediately removed
from the recovery medium, dabbed dry on a piece of filter
paper, and fixed on double-sided strips of tape that were
affixed onto the sample stub. Samples selected were neither
treated nor coated prior to the viewing and were observed
in their native state. The VP SEM was done at saturated
humidity at 4 °C with a Peltier cooling stage and at a gas
pressure of 500–700 Pa, at an extra high tension value of
15 kV (26,27). The samples were viewed using a Leo Supra
50VP Field Emission scanning electron microscope (Carl
Zeiss SMT, Germany).
2.5. Statistical analyses
The treatment consisted of 9 replicates, with each replicate
containing 10 PLBs. Means were compared through the
independent samples t-test with the probability value set
at 0.05.
3. Results
3.1. Vitrification of PLBs of Dendrobium sonia-28
Noncryopreserved PLBs registered 17.8% growth at the
end of the 1-week recovery period, while no survival was
recorded in cryopreserved PLBs (Table 2). Cryopreserved
PLBs displayed heightened light sensitivity, and their
growth could not be sustained because all PLBs that
displayed green growth bleached or turned brown with a
single transfer from old medium to fresh medium. Low
recovery percentages of between 1% and 3% were only
obtained from the cryopreserved PLBs after 3 months of
recovery under dimmed lighting (3.4 µmol m–2 s–1).
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Table 2. Survival percentages of PLBs of Dendrobium sonia-28 subjected to the
vitrification treatment.

Treatment

Recovery percentage
M (%)

SD

–LN

17.8

10.9

+LN

0

0

t

df

P

–4.880a

8.0a

0.001

M = mean, SD = standard deviation, t = t-test value, df = degrees of freedom, P = P-value.
a
The t and df values were adjusted because the variances were not equal.

3.2. Histological slide preparation and observations
The histology and SEM procedures were conducted to
observe the extent of cryoinjuries that occurred from a
preoptimised vitrification protocol that included optimised
PLB size, preculture, loading, and dehydration conditions,
and excluded the supplementation of antioxidants. In the
histological study, it was observed that the shoot apical
meristem (SAM) region of PLBs of Dendrobium sonia-28
of 3–4 mm, flanked on both sides by the leaf primordia,
consisted of actively dividing meristematic cells, as the
cells in that region were smaller in size and consisted of
large, darkly staining nuclei (Figure 1). There were no
observable vascular connections between each PLB or
within the PLB clumps. The PLBs were also composed of
large polyhedral parenchymatous cells from the middle
to the basal sections of the explants, with the cytoplasm
stained green in untreated PLBs (Figure 2) and unstained
in treated and noncryopreserved PLBs (Figure 3). The
cytoplasm appeared constricted and fragmented as a result

of the dehydration treatment of the histology procedure.
New PLB growth was observed to occur in the epidermal
and subepidermal layers of the PLB.
The parenchymatous cells in the PLBs were tightly
packed, with no observable gaps between cells. The cells in
the treated PLBs also retained this characteristic despite the
high osmolarity applied in the treatment earlier, suggesting
that the preculture, osmoprotection, and dehydration
treatments were not physically damaging to the explant.
However, since the cytoplasm contained within the treated
PLBs was not stained green, the treatments may have
disrupted the metabolic equilibrium of the cells.
The meristematic cells in the cryopreserved PLBs
remained intact after the cryopreservation treatment.
However, the parenchymatous cells were physically
destroyed, with the cytoplasm spilling out of the cells
and into the intracellular space (Figure 4). This may have
occurred as a result of the thawing process. The nuclei
within the cryopreserved meristematic cells were large

Figure 1. The SAM region (arrow) of the PLBs was flanked on
both sides by the leaf primordia (LP) and consisted of actively
dividing meristematic cells. The cells in that region were smaller
in size and consisted of large, darkly staining nuclei.

Figure 2. Histological observation of untreated PLBs displayed
intact cells with uniform polyhedral shapes.
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and still darkly stained, suggesting that the cells were still
actively dividing despite the cryopreservation treatment.
The nuclei also appeared to be expanded and flocculent,
suggesting that the cryopreservation treatment may
also have physically damaged the chromatin structure.
No visible PLB growth was observed, which suggests
that the survival of cryopreserved PLBs may have been
compromised by the DNA damage or damage to the
parenchymatous cells due to a possible reliance of the
embryogenic cells on such cells in terms of nutrition or
metabolism.

Figure 3. Histological observation of treated but noncryopreserved
PLBs displayed intact cells with uniform polyhedral shapes: A – a
new PLB is formed on the surface of the mother PLB, B – the new
PLB protruded from the subepidermal layer of the mother PLB.

3.3. SEM observations
SEM studies of the control and cryopreserved PLBs
indicated that both osmotic and freezing injuries occurred
within the PLBs, and not at the exterior regions of the
PLBs (Figure 5). Both types of samples displayed intact
epidermal layers and no apparent damages were observed.

Figure 4. Histological observation of cryopreserved PLBs displayed ruptured cells that spilled out cytoplasmic
components into the intercellular space (A). Intact cells were only observed in cells that were actively dividing or that
possessed desely stained nuclei (arrow, A) or PLBs in the embryonic stage (arrow, B).

A

B

Figure 5. A cryopreserved PLB (A) and a noncryopreserved PLB (B) observed using SEM showed no
aberrations or damage in the exterior regions, suggesting that osmotic and cryoinjuries occur in the internal
regions of the PLB.
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4. Discussion
Direct immersion of tissues in LN usually requires a range
of cryoprotective treatments (11). The most common
approach of cryoprotection involves the treatment of
samples with PVS2 for 30–90 min (11). The low PLB
recovery percentage is a result of the nonoptimised
vitrification protocol applied in this study, as the main
intent of this study was to observe the effect of a typical
vitrification treatment upon PLBs of Dendrobium
sonia-28. Regeneration of control and cryopreserved
PLBs of Dendrobium nobile included an intermediary
PLB formation stage that gave rise to multiple PLBs and
subsequently plantlets (28). The former was observed in
this study as well. The occurrence of a lag phase in the
recovery of cryopreserved PLBs indicated that the PLBs
required longer periods in recovering from the effects
of cryopreservation. Yin and Hong reported a 5-day
lag phase in the regrowth of cryopreserved PLBs of
Dendrobium candidum Wall ex. Lindl. when compared to
noncryopreserved PLBs (29).
Histological observations of untreated PLBs of
Dendrobium sonia-28 indicated that new PLBs divided
and proliferated from the epidermal and subepidermal
regions of a PLB. No embryogenic cells were located in
the parenchymatic region of the PLB. It was also observed
that the parenchymatic cells possessed green-stained
cytoplasm, with the same effect not found in the cytoplasm
of the subepidermal embryogenic cells. The embryogenic
cells consisted of relatively large-sized nuclei that were
darkly stained. Similar observations were made by Huan
et al. (30), as they discovered that the longitudinal section
of Cymbidium callus cultured on plant growth regulatorfree medium displayed somatic embryo structures that
consisted of cells with dense cytoplasm and large nuclei
in the callus mass, similar to zygotic embryos developing
in the seeds of Cymbidium sinense (30–32). The somatic
embryo structures emerged from the callus and turned
into PLBs devoid of vascular connection to each other
and the surrounding callus tissue. These PLBs were also
similar in shape to protocorms formed from the seeds of
Cymbidium (30). Ishii et al. (33) also observed no vascular
connection between each PLB and the surrounding callus
tissue in the callus induction and somatic embryogenesis
of Phalaenopsis. In the case of Digitalis lamarckii Ivan.,
embryogenic callus derived from cut leaf segments
developed into somatic embryos within 4 to 6 weeks of
culture. The callus differentiated into somatic embryos
in a few distinct stages, appearing as protrusions on the
surface of the cut leaf and then enlarging into distinct
bipolar structures through the globular, heart, torpedo,
and cotyledonary stages (34).
Histological observations of cryopreserved PLBs of
Dendrobium sonia-28 indicated that the embryogenic
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cells located at the subepidermal layer of the PLBs were
relatively undamaged by the cryopreservation treatment
as compared to the parenchymatic cells located in the
middle of the PLB. These results can be corroborated
with a number of histological observations conducted
on various cryopreserved species. It has been previously
demonstrated through histological analysis that all
differentiated cells were killed or severely damaged during
cryopreservation or other stresses, and only cells with
meristematic features were able to survive the effects of
freezing and thawing (35–37). Histological analysis of
cryopreserved suspension cells of Gentiana spp. showed
a range of ultrastructural damages despite the high
formazan content measured in the cells after thawing (38).
The nuclei were degraded, with the chromatin appearing
flocculent and detached from the inner nuclear envelope.
Many mitochondria were degraded, contained electronlucent matrix, and were devoid of cristae. Various cellular
organelles appeared to be concentrated and the nuclear,
amyloplast, and mitochondrial envelopes displayed
structural losses. Sucrose pretreatments were not able to
protect the cells against freezing damages, despite causing
reductions in the size of cells and the degree of vacuolation
(38). Cells that were treated with sorbitol and DMSO
displayed damage to membranes of various organelles,
with the protoplast appearing shrunken. Some cells that
displayed dilation and no other damages were postulated
to be able to divide and restore the culture (38). In the
case of the pepper plant (Capsicum longum A.DC.), cells
stressed through UV exposure displayed structurally
compromised chloroplasts. The grana and thylakoids were
observed to be structurally disordered and dilated. The
UV-exposed cells also displayed a reduction in the content
of starch grains within the chloroplasts, as compared to the
control cells (39). The exposure of cells of the pea plant
cultivar Greenfas to supplementary UV radiation resulted
in the immobilisation of starch grains due to the inhibition
in the synthesis of amylolytic enzymes (39,40).
The balance between the exit of intracellular water,
ice formation, and cell solute concentration is important
for successful cryopreservation (22). As reviewed by
Benson (22), Taylor et al. (41) evaluated the behaviour
of water in various transitional states and its influence on
explants’ survival with respect to the relative stabilities
of the amorphous, liquid, and solid phases of water and
their potential for causing thermomechanical stresses in
biological tissues. Glasses are normally unstable in nature
and their labile properties include cracking or fractures,
which can damage larger organs and tissues such as
seeds. Ice crystal formation and devitrification, often
erroneously observed as harmless, may occur as glasses
undergo relaxation during thawing, and this is easily
observed in cryovials when transparent glasses become
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opaque when ice is formed (22,41). Rapid thawing rates
are usually advocated in vitrification experiments to avoid
ice nucleation risks when the samples pass through their
glass transition temperature. This step, however, should be
taken with caution as rapid rewarming rates can lead to
stress cracks and fractures in the preserved explants (22).
These observations may have been a contributing factor in
the physical damages incurred by cryopreserved PLBs of
Dendrobium sonia-28.
Histological observations of PLBs of Dendrobium
sonia-28 subjected to a vitrification procedure indicated
that the steps preceding cryostorage were not physically
damaging to the PLBs, and that the freezing and
thawing cycles inflicted damages on the parenchymatic

cellular regions of the PLBs. The results indicate that
cryopreservation indeed caused physical damages to the
PLBs of Dendrobium sonia-28. Only embryogenic cells
survived the treatment. The SEM studies of the control
and cryopreserved PLBs indicated that both osmotic and
freezing injuries occurred within the PLBs, and not in the
exterior regions of the PLBs.
Acknowledgements
The authors wish to thank the Universiti Sains Malaysia
Research University Grant Scheme (USM-RU); the Malaysian Ministry of Science, Technology, and Innovation
(MOSTI); and the National Science Fellowship (NSF), Malaysia, for supporting this study.

References
12.

Marin ML, Duran-Vila N. Survival of somatic embryos and
recovery of plants of sweet orange (Citrus sinensis (L.) Osb.)
after immersion in liquid nitrogen. Plant Cell Tiss Org 14:
51–57, 1988.

13.

Shibli RA, Al-Juboory KH. Cryopreservation of ‘Nabali’
olive (Olea europaea L.) somatic embryos by encapsulationdehydration and encapsulation-vitrification. Cryoletters 21:
357–366, 2000.

14.

Van Rooyen Orchids Catalogue (2007). Dendrobium
phalaenopsis hybrids [online]. Website: http://www.orchidssa.
co.za/hybridscat.htm [accessed 17 October 2007].

Tonon G, Lambardi M, De Carlo A et al. Crioconservazione di
linee embriogeniche di Fraxinus angustifolia Vhal. In: Russo
G. ed. Atti del ‘VI Convegno Nazionale Biodiversità’. 2001: pp.
619–625.

15.

George EF, Debergh PC. Micropropagation: uses and methods.
In: George EF, Hall MA, De Klerk GJ. eds. Plant Propagation by
Tissue Culture: Volume 1. Springer; 2008: pp. 29–64.

Martínez MT, Ballester A, Vieitez AM. Cryopreservation of
embryogenic cultures of Quercus robur using desiccation and
vitrification procedures. Cryobiology 46: 182–189, 2003.

16.

Tsukazaki H, Mii M, Tokuhara K et al. Cryopreservation of
Doritaenopsis suspension culture by vitrification. Plant Cell
Rep 19: 1160–1164, 2000.

Huang CN, Wang JH, Yan QS et al. Plant regeneration from rice
(Oryza sativa L.) embryogenic suspension cells, cryopreserved
by vitrification. Plant Cell Rep 14: 730–734, 1995.

17.

Fahy GM, MacFarlane DR, Angell CA et al. Vitrification as an
approach to cryopreservation. Cryobiology 21: 407–426, 1984.

1.

Arditti J. Fundamentals of Orchid Biology. Wiley-Interscience.
New York; 1992.

2.

Kuehnle AR. Orchids, Dendrobium. In: Anderson NO. ed.
Flower Breeding and Genetics. Springer; 2007: pp. 539–560.

3.

Khosravi AR, Kadir MA, Kadzemin SB et al. RAPD analysis
of colchicine induced variation of the Dendrobium Serdang
beauty. Afr J Biotechnol 8: 1455–1465, 2009.

4.

Puchooa D. Comparison of different culture media for the in
vitro culture of Dendrobium (Orchidaceae). Int J Agric Bio 6:
884–888, 2004.

5.

6.

7.

8.

Islam MO, Rahman ARMM, Matsui S et al. Effects of complex
organic extracts on callus growth and PLB regeneration
through embryogenesis in the Doritaenopsis orchid. JARQ 37:
229–235, 2003.

18.

González-Benito ME, Clavero-Ramírez I, López-Aranda JM.
The use of cryopreservation for germplasm conservation of
vegetatively propagated crops. Span J Agric Res 2: 341–351,
2004.

9.

Sakai A, Hirai D, Niino T. Development of PVS-based
vitrification and encapsulation–vitrification protocols. In:
Reed BM. ed. Plant Cryopreservation: A Practical Guide.
Springer; 2008: pp. 33–57.

19.

Withers LA, Engelmann F. In vitro conservation of plant genetic
resources. In: Altman A. ed. Biotechnology in Agriculture.
Marcel Dekker; 1997: pp. 57–88.

20.

10.

Benson EE. Cryoconserving algal and plant diversity:
historical perspectives and future challenges. In: Fuller B, Lane
N , Benson EE. eds. Life in the Frozen State. CRC Press; 2004:
pp. 299–328.

Harding K, Day JG, Lorenz M et al. Introducing the concept
and application of vitrification for the cryo-conservation of
algae – A mini-review. Nova Hedwigia 79: 207–226, 2004.

21.

Martín C, González-Benito ME. Survival and genetic
stability of Dendranthema grandiflora Tzvelev shoot apices
after cryopreservation by vitrification and encapsulationdehydration. Cryobiology 51: 281–289, 2005.

11.

Lambardi M, Ozudogru EA, Benelli C. Cryopreservation of
embryogenic cultures. In: Reed BM. ed. Plant Cryopreservation:
A Practical Guide. Springer; 2008: pp. 177–210.

197

POOBATHY et al. / Turk J Biol
22.

Benson EE. Cryopreservation theory. In: Reed BM. ed. Plant
Cryopreservation: A Practical Guide. Springer; 2008: pp. 15–
32.

33.

Ishii Y, Takamura T, Goi M et al. Callus induction and somatic
embryogenesis of Phalaenopsis. Plant Cell Rep 17: 446–450,
1998.

23.

Benson EE, Harding K, Day JG. Algae at extreme low
temperatures: the cryobank. In: Seckbach J. ed. Algae and
Cyanobacteria in Extreme Environments. Springer; 2007: pp.
365–383.

34.

Verma SK, Yücesan BB, Gürel S et al. Indirect somatic
embryogenesis and shoot organogenesis from cotyledonary
leaf segments of Digitalis lamarckii Ivan., an endemic medicinal
species. Turk J Biol 35: 743–750, 2011.

24.

Murashige T, Skoog F. A revised medium for rapid growth and
bio assays with tobacco tissue cultures. Physiol Plantarum 15:
473–497, 1962.

35.

Aguilar ME, Engelmann F, Michaux-Ferriere N.
Cryopreservation of cell suspensions of Citrus deliciosa Tan.
and histological study. Cryoletters 14: 217–228, 1993.

25.

Vyas S, Guha S, Kapoor P et al. Micropropagation of
Cymbidium Sleeping Nymph through protocorm-like bodies
production by thin cell layer culture. Sci Hortic-Amsterdam
123: 551–557, 2010.

36.

Häggman H, Ryyänen L, Aronen T et al. Cryopreservation of
embryogenic cultures of Scots pine. Plant Cell Tiss Org 54:
45–53, 1998.

26.

37.

Gilpin CJ. The application of the environmental scanning
electron microscope in biological and material sciences.
Abstracts Trinoculaire ‘98 des Microscopies. 1998: pp. 1–3.

27.

Tian C, Chen Y, Zhao X et al. Plant regeneration through
protocorm-like bodies induced from rhizoids using leaf
explants of Rosa spp. Plant Cell Rep 27: 823–831, 2008.

Wang Q, Batuman Ö, Li P et al. A simple and efficient
cryopreservation of in vitro-grown shoot tips of ‘Troyer’
citrange [Poncirus trifoliata (L.) Raf. × Citrus sinensis (L.)
Osbeck.] by encapsulation-vitrification. Euphytica 128: 135–
142, 2002.

38.

28.

Mohanty P, Das MC, Kumaria S et al. High-efficiency
cryopreservation of the medicinal orchid Dendrobium nobile
Lindl. Plant Cell Tiss Org 109: 297–305, 2012.

Mikula A, Niedzielski M, Rybczynski JJ. The use of TTC
reduction assay for assessment of Gentiana spp. cell suspension
viability after cryopreservation. Acta Physiol Plant 28: 315–
324, 2006.

39.

29.

Yin M, Hong S. Cryopreservation of Dendrobium candidum
Wall. ex Lindl. protocorm-like bodies by encapsulationvitrification. Plant Cell Tiss Org 98: 179–185, 2009.

Sarghein SH, Carapetian J, Khara J. The effects of UV radiation
on some structural and ultrastructural parameters in pepper
(Capsicum longum A.DC.). Turk J Biol 35: 69–77, 2011.

40.

Kovacs E, Keresztes A. Effect of gamma and UV-B/C on plant
cells. Micron 33: 199–210, 2002.

41.

Taylor MJ, Song YC, Brockbank KGM. Vitrification in tissue
preservation: new developments. In: Fuller B, Lane N, Benson
EE. eds. Life in the Frozen State. CRC Press; 2004: pp. 603–644.

30.

Huan LVT, Takamura T, Tanaka M. Callus formation and plant
regeneration from callus through somatic embryo structures in
Cymbidium orchid. Plant Sci 166: 1443–1449, 2004.

31.

Yeung EC, Zee SY, Ye XL. Embryology of Cymbidium sinense:
embryo development. Ann Bot 78: 105–110, 1996.

32.

Huang BQ, Ye XL, Yeung EC et al. Embryology of Cymbidium
sinense: the microtubule organization of early embryos. Ann
Bot 81: 741–750, 1998.

198

